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The high cost of cofactors in biocatalytic reactions has made it necessary to consider 
its regeneration. This work involved the simulation; modeling and process analysis of 
a two-enzyme reaction in a linked cofactor recycle in the asymmetric reduction of 
COBE to CHBE using ALR enzyme and NADPH as a cofactor. The cofactor was 
regenerated through the oxidation of glucose to glucolactone using glucose 
dehydrogenase (GDH) with NADP+. Several reaction parameters were considered and 
optimum values for each parameter necessary for an economically viable product 
yield were determined. Such parameters include pH (6.3-7.2, though 6.3 was seen as 
the optimum value with high enzyme activity); temperature (26-32oC, though 27.5oC 
was seen with the maximum yield); cofactor ratio (a ratio of between 1.33-1.5 was 
determined as the range with a high product yield), an enzyme ratio of within 80-130 
was also determined as an optimum range. From the analysis of the model it was also 
determined that a COBE concentration of 3.8mmol/L gave the highest yield of 97% 
while the optimum value for glucose concentration at a yield of 92.18% was 
determined to be 10g/L. The model allows the optimization of the proportion of two 
enzymes and total cofactor concentration needed for a satisfactory reaction rate to be 
achieved. The model also indicates the potential cofactor total turnover number (TTN) 
achievable as 3900, an important economic consideration. The accuracy of the model 
was assessed and is in good agreement with experimental data. 
 
 



















摘   要： 
鉴于生物催化反应中的辅酶的高成本，有必要考虑其再生问题。论文工作




围及最优值包括 pH（6.3-7.2， 6.3 为最优），温度（26-32 oC， 27.5 oC 为最
优）；辅酶比例（介于 1.33 和 1.5 之间的比率被确定为最高产品产量的比例范
围），在 80-130 的酶比率也被确定为最佳的反应范围。通过模型分析，当 COBE
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Chapter 1 Introduction and Literature Review 
1.0   INTRODUCTION 
Biocatalysis has become an essential tool in synthetic chemicals. There are numerous 
applications of enzymatic catalysis in industry in a wide variety of sectors, and in particular in 
pharmaceuticals and agrochemicals [1], where the stereo-structure is fatal for the applications. 
The intrinsic characteristics of enzymes such as high selectivity, especially structure selectivity, 
under mild reaction conditions make them an appealing complement to conventional 
heterogeneous or homogeneous catalytic manufacture processes [1]. In addition, combinatorial 
and computational approaches and the application of metagenomics are instruments for 
harnessing the biodiversity of enzymes to identify novel biocatalysts [2, 3]. Concomitantly, recent 
progress in recombinant DNA technologies, including directed evolution coupled with advanced 
high throughput screening and selection methods and microscale processing [4] supply a fast and 
robust platform for biocatalyst development. 
Optically active ethyl 4-chloro-3-hydroxybutanoate (CHBE) is one of the very useful chiral 
building blocks for organic synthesis [5]. It is known that a promiseful method for the 
stereoselective reduction of ethyl 4-chloroacetacetate (COBE) is a biochemical approach 
involving microorganisms and enzymes, which have played a major role in the practical 
synthesis of the optically active CHBE [6]. The enzyme used for this reaction usually requires a 
cofactor and therefore in the process development, the cofactor regeneration techniques should 
also be considered. 
A cofactor is a non-protein chemical compound that is bound to a protein and is required for the 
protein's biological activity [3]. These proteins are commonly enzymes and cofactors can be 
considered "helper molecules" that assist in biochemical transformations. Cofactors can also be 
classified depending on how tightly they bind to an enzyme, with loosely-bound cofactors 
termed coenzymes and tightly-bound cofactors termed prosthetic groups. 
In this case the nicotinamide adenine dinucleotide phosphate (NADPH) cofactor was considered. 

















the coenzyme regeneration must be considered in the process development. Although there are 
different strategies to carry out cofactor regeneration which are still being developed, the method 
employed in this work involves the use of a second enzyme to catalyze the cofactor regeneration 
reaction. The use of a second enzyme, which has been adapted for the majority of cofactor 
regeneration processes, usually affords broader options of substrates for the cofactor regeneration 
reaction, and thus makes it much easier to achieve large thermodynamic driving forces for both 
reactions.   
1.1 Aim and Objectives of the study: 
 To propose a model system of a two enzyme reactions in a linked cofactor recycle.  
 To carry out operation analysis that can be used to describe the cofactor regeneration 
reaction. 
 To determine optimum values for certain parameters necessary for the reaction. 
1.2 Statement of Research Problem 
The use of cofactors in biocatalysis for the development of building blocks for pharmaceuticals 
as well as agro-allied industries indicates their ever increasing usefulness. However, the high 
cost of these cofactors which are always needed in stoichiometric quantities has led to several in-
exhaustive researches on how to regenerate/recycle the cofactors from the reaction system. A 
gram of the NADPH cofactor is put at about 250 US dollars and it was also noted that in most 
cases, the cofactors could be more expensive than the desired products. Thus, this research will 
be seeking to provide a solution using a mathematical model on how to regenerate cofactors in a 
two-enzyme reaction system. Models can describe an entire reaction system. [7] 
1.3 Scope and Focus 
Though the principles from this work could be used in other processes, however, this work will 
focus on the asymmetric reduction of COBE to CHBE using the ALR enzyme and NADPH as a 
cofactor. The NADPH in this reaction will be recycled from NADP+ when glucose is oxidized to 

















Some parameters whose effect will be considered on the reaction system yield will include: pH, 
temperature, glucose concentration, cofactor stability as a function of pH, total cofactor 
concentration, COBE concentration, optimum ratios of enzymes and cofactors; and total turnover 
number which is an economic index,  
1.4 Perceived Benefits of the Study: 
 Process modeling and simulation can guide process development. 
 Knowledge of optimum reaction parameter values for efficient production and recycle. 
 Lower reaction cost due to proper cofactor recycle. 
 Easy referral for future process development. 
1.5 LITERATURE REVIEW 
1.5.1   Chiral Alcohols 
Chiral alcohols are useful starting materials applicable to the synthesis of various 
pharmaceuticals. The need for optically active drugs has increased in pharmaceutical and 
agrochemical fields in recent years and, therefore, chiral alcohols are increasingly being 
demanded; and it is important to provide enantiopure compounds. There is a large range of 
selective organic reactions available for most synthetic needs, but there is still one weak area in 
organic chemical synthesis where stereochemistry is involved [8]. 
Chiral alcohols are produced through organic synthesis, with optical resolution of racemic 
alcohols. Biocatalysts are usually used in preference to conventional catalysts because of their 
environmental friendliness [8]. Generally, there are two methods of producing chiral alcohol 
using stereospecific biocatalysts. One is the optical resolution of racemic alcohols (or their 
derivatives) [9] and the other is the direct synthesis of chiral alcohols from prochiral compounds. 
The advantage of the former method is that the biocatalysts might be easy to use, since the 
starting material, racemic alcohol, is the same as that in conventional chemical resolution method. 
The most striking advantage in the latter is in that its theoretical yield of chiral alcohols is 100%, 

















the enzymatic production of chiral alcohols through the asymmetric reduction of prochiral 
compounds e.g. prochiral carbonyl compounds is a promising process for industrial production.[8] 
Asymmetric catalytic reduction is the use of various chiral catalysts to reduce a prochiral organic 
compound to obtain a chiral product. This is one of the several techniques used in chiral 
synthesis. 
1.5.1.1   Production of Chiral alcohols  
The production of chiral alcohols e.g. ethyl-4-chloro-3-hydrobutanoate (CHBE) through the 
asymmetric reduction of prochiral carbonyl compounds e.g. ethyl 4-chloro-3-oxobutanoate 
(COBE) using biocatalysts such as microbial cells and commercially available reductases has 




Figure 1.1: Bioreduction system for the production of chiral alcohols by an E. coli transformant co-


















Of all the synthetic routes that have been developed to obtain the enantiomer (CHBE), the 
biocatalytic asymmetric reduction of COBE is the most economical way since COBE can be 
easily synthesized from cheap available materials [6,11]. According to Yasoharo et al [12], the 
bioreduction of COBE is catalyzed by NADPH-dependent aldehyde reductase (ALR) or 
carbonyl reductase (CAR). The ALR and CAR are expressed in E. coli to enhance enzymatic 
activity and the optical purity of CHBE [13, 14]. However, since ALR or CAR is an NADPH-
dependent enzyme and normally E. coli cells cannot regenerate NADPH sufficiently, 
recombinant E. coli harboring car gene can produce only high optically pure (S)-CHBE but with 
low productivity without efficient supplement of NADPH. [11]  
NADPH can be recycled from NADP+ when glucose is oxidized to glucolactone by glucose 
dehydrogenase (GDH; EC 1.1.1.47). [11] This reaction could be employed to the regeneration of 
NADPH coupling with the biotransformation of COBE to (S)-CHBE (see Figure 1.2 below), and 
NADPH/NADP+ or GDH or both of them was supplemented for efficient biotransformation 

















Figure 1.2: Scheme of asymmetric reduction of COBE to R-CHBE with coupled-enzyme system 
1.5.2    COFACTORS 
A cofactor is a non-protein chemical compound that is bound to a protein and is required for the 
protein's biological activity [3]. These proteins are commonly enzymes and cofactors can be 
considered "helper molecules" that assist in biochemical transformations. Cofactors can also be 
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